The lakes of the European perialpine region constitute a large water reservoir, which is threatened by the anthropogenic pressure altering water quality. The Water Framework Directive of the European Commission aims to protect water resources and monitoring is seen as an essential step for achieving this goal. Remote sensing can provide frequent data for large scale studies of water quality parameters such as chlorophyll-a (chl-a). In this work we use a dataset of maps of chl-a derived from over 200 MERIS (MEdium Resolution Imaging Spectrometer) satellite images for comparing water quality of 12 perialpine lakes in the period [2003][2004][2005][2006][2007][2008][2009]. Besides the different trophic levels of the lakes, results confirm that the seasonal variability of chl-a concentration is particularly pronounced during spring and autumn especially for the more eutrophic lakes. We show that relying on only one sample for the assessment of lake water quality during the season might lead to misleading results and erroneous assignments to quality classes. Time series MERIS data represents a suitable and cost-effective technology to fill this gap, depicting the dynamics of the surface waters of lakes in agreement with the evolution of natural phenomena.
Introduction
Lentic ecosystems are inestimable renewable natural resources for biodiversity and can be significantly altered by human activities and climate change (Kaiblinger et al., 2009) . Their ecological status vitally affects their value as drinking water reservoirs, for irrigation, fishery or recreation; any effort placed for preserving and/or improving the quality of these resources in the years to come and for increasing monitoring capability is justified. For this reason, the European Commission (EC) has adopted the Water Framework Directive (WFD) (Directive, 2000) with the main objective of maintaining 'good' and non-deteriorating status for all waters (surface, ground and coastal) (Chen et al., 2004) . The Directive applies to all countries of the European Union (EU) and it has to be implemented at the catchment scale (river basin district) thus taking into account hydrological rather than geographical or political boundaries (Premazzi et al., 2003) . Monitoring is an essential part of the implementation of the WFD (Premazzi et al., 2003) . Surveillance monitoring aims at assessing the status of surface and ground waters. Operational monitoring is undertaken to evaluate the effects of measures undertaken to improve critical situations and to evaluate the level of achievement of the Directive's objectives; systematic monitoring has to be done through monitoring networks (Chen et al., 2004) . So the starting step is the classification of water bodies into 'ecological quality status' using biological indicators (Kaiblinger et al., 2009) . Lake classification under the WFD is based from the deviation of the present state from typespecific reference conditions (Wolfram et al., 2009) . Moreover, the WFD forces the member states to monitor systematically all natural and artificial lakes with surface area ≥ 0.5 km 2 (Premazzi et al., 2003) .
Field measurements of the indicators of lake water quality are to be carried out every three months although recent works suggest that the time interval between samplings should be reduced. The sampling protocols adopted across EU suggest a minimum number of yearly samples for phytoplankton analysis. Sampling is usually carried out on a seasonal basis, therefore four samples is the most common option, although some Member States (such as Italy) decided to increase the minimum frequency up to 6 samples per year, trying to include those periods when phytoplankton is rapidly changing, due to the transition between two seasonal phases of relative stability in the assemblage composition. Because phytoplankton structure can be particularly variable from day to day during these transitional phases (Salmaso, 1996) , the choice of the sampling dates is crucial, because it can significantly affect the outcome of the classification.
The number of samplings during the year is a compromise between the effort/cost required from the agencies in charge of monitoring and the need of describing the seasonal ecological Science of the Total Environment 409 (2011) 3083-3091 variability with at least four to six sampling for all lakes. Within the time frames set by the Directive for measurements, the choice of the date is often dictated by the organizational needs hence the picture of water ecological conditions might be biased especially in the case of parameters which can vary significantly over small time periods, such as chlorophyll-a (chl-a).
The classification of the ecological status of lakes is based on the values measured for physicochemical and chemical parameters, which are related to the trophic level of the water: transparency, hypolimnetic oxygen, chlorophyll-a and total phosphorus. In the WFD chl-a concentration is therefore recognized as an essential parameter for the classification of the quality of lake waters (Jeppesen et al., 2003; Søndergaard et al., 2005) since together with phytoplankton species composition (Salmaso et al., 2006) is essential for an exhaustive description of the waters ecological status (Carvalho et al., 2008) . In fact, these latter parameters are related to nutrient availability within waters (Vollenweider and Kerekes, 1980) . However, the estimation of chl-a concentrations in waters is often carried out with different methods for both sampling and laboratory analyses (Lindell et al., 1999) thus leading to the need of intercalibration of different monitoring systems as also required by the WFD (Nõges et al., 2010) . Remote sensing technology is a tool for collecting consistent/homogeneous spatial and temporal data for the assessment of water quality parameters in lakes (e.g., Bukata et al., 1991; Cavalli et al., 2009; Dekker et al., 2001; Koponen et al., 2004; Gons et al., 2008; Giardino et al., 2010) . It allows us to monitor large water areas (from local to global scale) with systematic and cost-effective acquisitions. Salmaso and Mosello (2010) reviewed over 200 articles published in the field of limnology and draw the conclusion that synoptic analyses on a macro-regional scale in the sub alpine region need to be further addressed by researchers. Remote sensing can certainly provide the data to achieve this goal. Moreover, it offers archives of data which are suitable for the re-construction of historical trends (Chen et al., 2007) . Several works have in particular focused on the satellite-inferred estimation of the concentration of chl-a (Baban, 1993; Giardino et al., 2001; Gons et al., 2002; Strömbeck and Pierson, 2001; Gitelson et al., 2007; Gower and King, 2007; Bilgehan et al., 2009; Bresciani et al., 2009) . In fact, changes in the concentration of chl-a are associated to changes in the amount of water leaving radiance in the photosynthetically active radiation region of the electromagnetic spectrum and these changes can be detected with optical remote sensors (Baban, 1999) . Therefore remote sensing can be a tool for collecting data to support the implementation of the monitoring activities outlined in the EC WFD. However, despite the undisputable advantages offered by satellite sensors, remote sensing relies on the collection of in situ data for the development and the validation of algorithms and models (Brando and Dekker, 2003; Chen et al., 2004) . The systematic collection of in situ data should be performed as an integral part of operational monitoring build on remote sensing technology for lake management strategies such those as required by the WFD.
This work relies on the availability of a large dataset of maps of chl-a over 12 perialpine lakes for the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] . Maps were derived from over 200 images acquired by the MEdium Resolution Imaging Spectrometer (MERIS) onboard the Envisat-1 mission of the European Space Agency (ESA) (Odermatt et al., 2010) . The objectives are i) to compare water quality of the sub-alpine lakes of the study area by analysing chl-a concentrations, ii) to analyze the spatial variability of chl-a concentration during the season and over the years, and iii) to simulate the application of the WFD to this sub-alpine region through the information supplied by remotely sensed data.
The study area
The European perialpine region around the Alps comprises a significant number of glacial and tectonic lakes, which constitute an inestimable reservoir of freshwater. The 12 lakes selected in the study area ( Fig. 1 ) belong to four countries: Italy, Switzerland, France and Germany. They have a size suitable for the geometric characteristics of the MERIS sensor (spatial full resolution is 300 m) and they are greater than 0.5 km 2 , which is the minimum size required by the WFD for enforcing quality monitoring. Water of these lakes is extensively used for the production of hydroelectric power, is intensively used in agriculture and industry, becoming a life-sustaining element for the economy of the surrounding areas. Waters from the largest lakes (e.g., Lake Zurich and Lake Como) are even used directly as fresh water supply of the nearby cities. In addition, these water bodies are one of the key elements for the tourist economy of the Alpine region.
The lakes included in this study are oligotrophic by nature (Guilizzoni et al., 1983) but they underwent intense processes of cultural eutrophication started in the 1960s, which reached a maximum at the end of the '70s. The major cause of the ecological deterioration was phosphorus loads from sewage, which triggered the increase of annual primary productivity, of algal biovolume and growth of cyanobacteria. Since the early 1980s, nutrient loads have been gradually reduced mainly by adopting treatment plants and by reducing the phosphorus contained in domestic detergents. Since then most of the lakes (i.e. the largest lakes) have started a reoligotrophication process. Obviously each lake has had its own ecological history, which is extensively described in the scientific literature (e.g. Binelli et al., 1997; Ruggiu et al., 1998; Pugnetti et al., 2006; Anneville et al., 2007; Eckmann et al., 2007; Manca et al., 2007; Salmaso and Mosello, 2010; Stich and Brinker, 2010) .
The deep lakes of the Alps could be classified as warm monomictic lakes (e.g. Maggiore and Garda), the shallow lakes could be classified dimictic (e.g. Varese). Some common morphological features can be identified: the lakes are narrow and elongated, with steep sides and generally a flat bottom. The thalwegs of the largest Italian lakes are roughly oriented North-South whereas the others are mainly oriented East-West (Fig. 1) . Except for Pusiano and Varese, which were included in the study for their peculiar trophic levels and their morphology, all lakes are characterized by high depth (both mean and maximum). The principal morphometric and hydrological features of the lakes are listed in Table 1 . The lakes differentiate for their water circulation patterns, which lead to highly different residence times (0.7-26.8 years). In the table we also identify the lake typology (L-AL3 and L-AL4), which is mainly assigned based on the above sea level (a.s.l.) altitude and on the water mean depth as described by Wolfram et al. (2009) : only lakes Pusiano and Varese are classified as L-AL4 lakes because of their shallow waters.
Materials and methods
The maps of chl-a concentration for the lakes of the study area were produced by Odermatt et al. (2010) All images were processed with the procedure available in the ESA Basic Envisat/ERS ATSR and MERIS (BEAM) that accounts for instrument smile, geometric, adjacency and atmospheric effects as described and validated in Odermatt et al. (2010) . In particular, the adjacency effects were corrected with the Improved Contrast between Land and Ocean (ICOL) processor (Santer and Schmechtig, 2000; Santer and Zagolski, 2009) . For the atmospheric correction and the retrieval of chl-a concentrations the Case-2 Regional (C2R) module (Doerffer and Schiller, 2008a,b) , which implements a neural network for the inversion of both radiative transfer and bio-optical models, was used. C2R provided accurate reflectance values and consistent retrieval of chl-a concentrations in the study area (Odermatt et al., 2010) . Outputs are given in the form of map products as well as in tabular form, whereas the latter allows the extraction of all relevant parameters and simple statistical variables for several sampling sites. Datasets were excluded i) if acquired at sun glint suspect geometries (i.e. above 10°east in summer or 20°east in winter), ii) if indicated by the C2R error flags, iii) if chl-a was below 0.1 mg/m3 or iv) if contrails or cirrus clouds were visible in a channel 13 quicklook.
For the definition of the sampling sites we first defined a set of Regions Of Interest (ROIs) of the size of 3 × 3 MERIS pixels over the lakes of the study area. For lakes with a surface area ≥ 0.5 km 2 , the WFD locates the sampling point for monitoring water quality at the centre of the lake. This position is also ideal for optical measurements since it minimizes the adjacency effect, avoids mixed land/water pixels and ensures the least interference from the signal of the bottom of the lake. Therefore, we selected one ROI located at the centre of each lake of the study area. Moreover, for the largest lakes (surface area ≥ 80 km 2 ) and for lakes of irregular shape, the WFD imposes additional sampling points to be defined case by case. For this reason we selected multiple ROIs for the largest lakes and we located them where the chl-a spatial variability might increase due to the presence of local factors (e.g. tributary water). We extracted the temporal profiles of chl-a concentration for each ROI and analysed statistic metrics globally and for each season (spring, summer, autumn and winter) to compare the different trophic levels of the lakes. We chose to divide the year into the four seasons because hydrodynamic features and eutrophication are highly seasonal phenomena.
In order to achieve the third objective of this work (simulation of the application of the WFD with information supplied by remotely sensed data), we classified the lakes based on chl-a concentrations estimated for the seasonal periods given in Table 2 . These periods are those suggested in the Italian official protocol for sampling lake phytoplankton, according to WFD (Buraschi et al., 2008) . Within each season, we selected one date (Option A) mainly based on the quality and coverage of the satellite images. The ecological status classes were assigned based on reference values given by Wolfram et al. (2009) . Since one major advantage of remote sensing is the availability of frequent observations at a low additional cost of acquisition, we applied the same classification by selecting a different date within the same periods of the year. Finally, we perform the same exercise by averaging all dates available from satellite images to simulate a condition of a full integration of remotely sensed data into a monitoring system of lake water quality as proposed by the WFD. Table 1 The major characteristics of the perialpine lakes object of this study. Lake typology ("type") is assigned based on Wolfram et al. (2009 and Geneva). The temporal trends observed in correspondence with the ROIs are presented in Fig. 3 . Fig. 2 shows an algal bloom occurring in March and September 2006 in the central area of lake Constance where water is deepest. The map also shows the location of both the inflow (south east end) and outflow (west end) of the Rhein river as red spots of high concentration of chl-a (N10 mg/m 3 ). In fact, the difference of the profiles extracted for the ROIs is statistically different (**p b 0.01). Indeed, the description of the spatial patterns of water quality parameters is one of the major contributions of remote sensing techniques for environmental monitoring. The oligotrophication of Lake Constance has begun at the beginning of this century as a consequence of the treatments of wastewater. This progressive process leads to low concentrations of chl-a and little fluctuations as shown by our results for the last seven years (Fig. 3) . Moreover, our results highlight that in the very recent years and with the exception of the bloom observed in 2006, chl-a has stabilized below 5 mg/m 3 confirming findings by Stich and Brinker (2010) .
Results and discussion
Chl-a concentration in Lake Como have decreased between 2003 and 2006 (Fig. 3) and have maintained stable after 2006: seasonal maxima have in fact decreased from above 10 mg/m 3 to below 5 mg/ m3 with a reduction of seasonal fluctuations. Moreover, the two sampled ROIs appear to have different values after 2006 although the difference is not statistically significant (p = 0.66). This deep lake is geographically divided into three sub-basins (northern, western and eastern), which can be identified in Fig. 2 ; of these sub-basins, the deepest south-western Como branch is characterised by the lack of an outflow river and therefore by a longer water exchange time. By looking at the entire dataset, it appears rather difficult to identify regular, persistent and interpretable spatial patterns of chl-a concentration in Lake Como. The cause might be related to the atmospheric interference and quickly changing winds which modify the constituent patterns very frequently. The narrow y-shaped lake Como determines a behaviour similar to the typical behaviour of smaller lakes which are characterised by wide variability and unpredictability (Salmaso, 2010) . On the contrary, the size of Lake Garda leads to a minor susceptibility to the influence of hydrological and meteorological events hence more regular distribution of physical and chemical cycles (Salmaso, 2005) . The map in Fig. 2 (Fig. 2) . The temporal trends collected over the three ROIs (Fig. 3) show a seasonal cycle with maxima generally occurring in spring. The difference between the northern ROI and each of the other two sampling points of the lake is statistically significant (***p b 0.001): in fact, the northern region is characterised by lower concentrations with values below 5 mg/m 3 whereas the other two regions have seasonal maxima above 10 mg/m 3 . This difference might be determined by several anthropic and geographical factors among which: the southern lake is the most densely populated and touristic area, the sewage collection is channelled towards the southern lake and winds favour the mixing of the shallower waters of the southern sub-basin.
Lake Maggiore shows a very high spatial variability of chl-a concentration from the lowest on one side to the highest values of the scale on the other side of the lake (i.e. west to east direction). This spatial variability is more comparable to the variability observed for Lake Como rather than Lake Garda as it would be expected for the similar dimensions. These changes might be the consequence of some residual adjacency effects (Odermatt et al., 2010) or they might be due to the effect of local meteorological conditions such as winds. Even the hydrodynamics of these basins could play a role, taking into account the strong differences in the residence times of the three lakes (Table 1) .
In Lake Geneva, the largest of the study area, the spring algal bloom occurred in 2007 when in less than a week the concentration of chlorophyll a increased on average from 5 mg/m 3 up to 10 mg/m 3 and returned down to the initial values. The temporal trend ( For the smaller lakes, we focused our analysis on the temporal trends (Fig. 3) . Lakes Zurich, Zug and Lucerne are geographically very close to each other covering an area about 100 km wide. However, Lake Lucerne is the most oligotrophic while lakes Zurich and Zug are mesotrophic to eutrophic. Our estimates confirm the greatest concentrations of chl-a in lake Zurich with seasonal maxima close to Table 2 The dates selected for each monitoring period defined by the Italian national protocol for sampling lake phytoplankton. If the MERIS acquisition were not available on the exact date shown here we chose the closest in time, which generally falls in an interval of ± 3 days. These sampling periods correspond to Option A in Table 3 We also computed the coefficient of variation (CV = σ/μ) for each estimate within the 3 × 3 ROIs to evaluate the spatial variability of chla estimates. In the small lakes with high chl-a concentrations CV is greater than 15% for almost half of the dates, meaning that water quality parameters can vary also over small scales. As pictured in Fig. 2 , the synoptic view of the sensors allows the description of the spatial variability of water quality parameters; this is indeed a major advantage offered by remote sensing techniques for the integration with field data collection, which, on the contrary, relies on the definition of representative sampling schemes.
The temporal trends do not show a tendency to either an increase or decrease of chl-a concentration. The regression lines have a slope not significantly different than zero and therefore the tendency is to maintain stable conditions. We computed the Hurst (H) exponent as an indicator of the expected tendency to confirm/reject the hypothesis of a stable behaviour. The results highlight that only in Table 2 ) to support the application of the WFD. Values are the estimate of the central ROI for each lake. The straight line shows the limit between the classes high and good water quality as defined after the intercalibration exercise carried out inside the Alpine Geographic Intercalibration Group (Wolfram et al., 2009 ).
Table 3
Chl-a concentration for the lake Como for the two options (i.e. A and B in the table) of date selection made possible by the availability of frequent MERIS acquisitions during the periods outline by the WFD for monitoring lake water quality. The WFD foresees that the classification of the ecological status of a lake should be based on the annual average chl-a concentration derived from six seasonal samplings. We simulated the application of the WFD by using estimates of chl-a concentration derived from satellite images in correspondence with the central ROI of each lake and acquired on the dates shown in Table 2 . Results are shown in Fig. 4 and compared to the limit set by the WFD between the classes "high" and "moderate" water quality (straight grey line in the graphs).
These results show that the chlorophyll concentration is often below the threshold established as boundary between high and good quality classes (as reported in Wolfram et al., 2009) , even in lakes usually classified as meso-or eutrophic. In particular, lakes Lucerne and Thun are characterised by stable oligotrophic conditions (Friedrich et al., 1999; Finger et al., 2007) . Among the most eutrophic lakes, only Lake Zurich is, in some year, classified as good and only in one situation (i.e. 2008) as moderate. However, Lake Zurich is mesotrophic as a consequence of the anthropogenic pressure along the shores and has had some significant events of cyanobacteria blooms (Peter et al., 2009 ). Lake Varese, in spite of his long history of water quality deterioration due to cultural eutrophication (Premazzi et al., 2003) , is classified as good in most cases.
On the other side, the classification of lakes Garda and Iseo as moderate in 2005, derived from MERIS images, properly mirrors the exceptional worsening of water quality in 2005 caused by cyanobacteria blooms in the first (Salmaso, 2010) and by high nutrient loads, phosphorus in particular, in the second (Salmaso et al., 2007) .
Since the WFD identifies only the large periods of the year when monitoring activity should be carried out, any value made available by satellite acquisitions within these periods is eligible for the classification. We therefore selected alternative dates to those given in Table 2 (hereafter named Option B). The results clearly show that this choice can be influential on the final classification especially in key seasons of the year when chl-a concentrations can significantly vary from day to day such as spring. Table 3 shows the example case of Lake Como where the ecological status assigned to the lake can change even from high to moderate/poor and vice versa.
The high variability of chl-a concentration in spring is confirmed by the standard deviation of the estimates derived from satellite data available for each period shown in Fig. 5 . In the same figure the standard deviation computed for the summer season is given for comparison. Spring is characterised by the highest variability and summer by the lowest due to stratification processes that reduce water flow between the strata. These dynamics are particularly effective in water resilience of the largest and deepest lakes (e.g. Garda). The most eutrophic lakes, such as Pusiano and Varese, are characterised by high variability of chl-a concentrations in both seasons. This would indicate that in the two lakes, summer chlorophyll concentration is less conservative than in the other lakes. The reason of this higher variability can be found in the differences in nutrient cycling across the trophic gradient. In eutrophic lakes, where the P supply at spring overturn is high, spring phytoplankton growth can produce high chl-a concentrations. The model suggested by Kufel (2001) can, probably, be applied also in our case: at the end of the growth phase, there is a strong nutrient flux towards the bottom of the lake, due to the sedimentation of decaying algal populations. This would remove a large amount of the nutrients from the upper water layers, thus limiting the phytoplankton growth. Under P limitation, a decline of chl-a is commonly observed in early summer in eutrophic lakes, until a new P input (i.e. from the metalimnion when the thermocline is deepening) refuels the algal population. On the other side, in the oligo-and mesotrophic lakes the spring growth is lower, therefore the downward P flux is less important and an higher amount of nutrients remain in the upper water layers and can be continuously recycled and exchanged between epilimnion and metalimnion: this would maintain a rather constant P availability, avoiding strong chl-a fluctuations during summer. The weaker temperature gradient in oligo-and mesotrophic lakes could enhance the probability of nutrient exchange between epilimnion and metalimnion.
The finding of higher variability in the most eutrophic systems seems to confirm the hypotheses made by Cottingham et al. (2000) , who, by analysing paleoecological data, showed that nutrient enrichment results in much more marked fluctuations in chl-a concentration. Fig. 6 shows the average, maximum and minimum values of chl-a concentrations estimated using all maps available for the six periods of the year outlined by the Italian sampling protocol. In Fig. 6 we compare these values to chl-a concentration assessed for the single date of Option A (Table 3) . These results highlight that the high temporal dynamic of phytoplankton which should be captured by the monitoring system. In those lakes which have a significant variability one sampling date during the season might not describe accurately the trophic conditions of the lake. One sampling might in fact capture either negative or positive outliers; the former describe the individual extreme event while the latter provide reference good quality parameters. However, in both cases, the classification would be driven towards the erroneous quality class.
Besides the small lakes (Pusiano and Varese) and the case of lake Como already shown in Table 3 , an example is lake Zurich where in 2006 the quality class varies depending on the use of either one date (Option A) or the average values.
Conclusions
Environmental monitoring of surface waters can take advantage of remote sensing techniques which provide a synoptic view over large areas and frequent acquisitions. In situ data can provide a snapshot of local water conditions, which are however necessary for calibration and validation of satellite based models. Maps of chl-a concentration were obtained from processing more than 200 MERIS images over 12 perialpine lakes encompassing four countries for the seven year period [2003] [2004] [2005] [2006] [2007] [2008] [2009] . Results show the largest lakes (Constance, Garda, Como, Maggiore and Geneva) to be meso-to oligotrophic with occasional events of high chl-a period of analysis, we observed that lakes are in stable conditions with the exception of Como, for which chl-a concentrations appear to have being decreasing. We showed how remote sensing could be exploited for the implementation of the EU-WFD for classifying lake waters into quality classes. The small lakes are more frequently above the limit set for the high/good water quality class. On the contrary, larger lakes are in general high conditions with the exception of extreme events of algal blooms which temporarily worsen lake water quality during winter/spring. The use of remote sensing techniques for investigating phytoplankton abundance may overcome the problem of misclassification due to the chl-a seasonal variability and to the possibility of missing significant events when using the standard monitoring protocols with a low sampling frequency. On the other side, the vertical distribution of phytoplankton that in deep lakes is usually characterised by a metalimnetic chlorophyll maximum, often located around 10-15 m depth, could have an impact on the remotely sensed signal (Stramska and Stramski, 2005) so that during the stratification period the satelliteinferred estimates of chl-a might be lower than in situ measurements.
In order to assess water quality according to WFD criteria, the Members States monitoring programs suggest performing between four and six seasonal samplings during the year to average chl-a concentrations to identify a global quality class. We show that the assignment to a quality class can significantly depend on the date chosen for chl-a measurement/estimation since phytoplankton dynamics can vary from day to day. Since field campaigns significantly impact on the budget available for the implementation of the monitoring activities, remote sensing can be exploited to better describe these dynamics with multiple acquisitions with a lower marginal cost. If remotely sensed data are to be implemented in a monitoring system such as the one proposed by the WFD, research should focus on i) routine and extensive validation of the remotely sensed products through field data, ii) development of standard policies for satellite data acquisitions and criteria for interpreting products. . Average (squares), minimum (triangle) and maximum (rhombus) chl-a concentration in coincidence of the central ROIs derived from all product images available for the six key periods of the year. The estimates derived for the option A dates are shown for comparison with the cross markers. The straight line shows the limit between the classes high and good water quality as defined after the intercalibration exercise carried out inside the Alpine Geographic Intercalibration Group (Wolfram et al., 2009 ).
